Minimizing the energy losses associated with diffusion and also increasing the stable operating ranges of the diffusion systems necessitates developing non-conventional diffuser designs. Rotating vaneless diffusers is one such concept, in which a particular type, forced rotating vaneless diffuser, the diffuser is integral with impeller and rotates at the same speed as the impeller, is obtained by blade cutback, which involves blade trimming but leaving the impeller disks as it is. In this paper, the shrouded impeller with blade cutback by 5% to its vane length by which it introduces a rotating vaneless diffuser in between and a conventional shrouded impeller, both with stationary vanless diffuser are analysed on flow diffusion and performance aspects. The matching peak efficiency is achieved at design flow coefficient for both SVD and BCB 05 and slightly lesser efficiencies at off-design flow coefficients for BCB 05. The performance characteristics of BCB 05 are lesser in terms of energy coefficient, specific work, as well as static pressure rise.
Introduction and Objective
To improve the performance of centrifugal machines, a better understanding of the flow in such machines is required. Non-uniformities due to jet and wake, in addition to the potential flow field of individual blades in each row, in the flow fields at the exit of the centrifugal impeller mixes in the vaneless space of the diffuser causing a rise in static pressure as well as significant loss of total pressure. This interaction between impeller and diffuser is considered to have strong influence on the flow as well as performance in the centrifugal compressors. Therefore, it is necessary to develop non-conventional diffuser designs which reduce the energy losses associated with diffusion and also increase the stable operating ranges of the diffusion systems. Rotating vaneless diffusers is one such concept studied and tried out by the researchers [1] . A particular type, forced rotating vaneless diffusers, in which the diffuser are integral with the impeller and rotate at the same speed as the impeller. The shear forces between the through flow and walls of the rotating vaneless diffuser are greatly reduced. The boundary layer growth within the rotating vaneless diffuser is smaller than in the corresponding stationary vaneless diffuser and the compressor performance improves both from frictional and flow profile aspects. In forced rotating vaneless diffuser, a particular type in which the diffuser rotates at the speed equals that of the impeller, is created by "blade cutback". Blade cutback involves blade trimming alone but leaving impeller disks as it is. The extending impeller disks forms a rotating vaneless diffuser. Since, the relative velocity is smaller than the absolute velocity, the friction losses in a rotating vaneless diffuser become smaller than in a comparable stationary vaneless diffuser. The efficiency, however, can only be increased up to a certain maximum amount of blade cutback. ψ loss Stagnation pressure loss coefficient or total pressure loss coefficient = 2(P 02 -P 0 ) / ρU 2 2 ψ p Static pressure recovery coefficient = 2(P-P 2 ) / ρU 2 2 Subscripts 1 Impeller inlet 2 Impeller exit 3
Nomenclature
Stationary vaneless diffuser inlet 4
Stationary vaneless diffuser exit 2BLADE Impeller blade exit 2DISKS Impeller disks exit 2*BLADE Impeller blade exit after blade cutback
Abbreviations

SVD
Conventional impeller without blade cutback with stationary vaneless diffuser of diffuser diameter ratio 1.40 with exit of the impeller BCB 05 Impeller with blade cutback by 5% of its vane length involving trimming of blades leaving disks as it is with stationary vaneless diffuser having a diffuser diameter ratio 1.40 with exit of the impeller Govardhan et al [2] conducted experimental studies on the rotating vaneless diffuser by cutting away the vanes in fractional amounts of 10% of the original vane length leaving extensions of front cover disc and shroud, in which the results indicated that the flow was much improved. The experimental investigations involving blade trimming by Lindner [3] reported advantages of the rotating vaneless diffuser with small cutback rate in achieving an additional static pressure recovery. Also, Ribaud et al [4] suggested the application of the rotating vaneless diffuser concept to low-specific speed centrifugal compressors. Recently, Seralathan [5] as well as Govardhan and Seralathan [6] conducted numerical studies on the forced rotating vaneless diffuser concepts in a centrifugal compressor. The study revealed that the blade cutback concepts on a radial tipped centrifugal impeller resulted with lesser efficiency, energy coefficient as well as static pressure rise.
The "forced" rotating vaneless diffuser with blade cutback by 5% to its vane length is the subject of this paper, which helps in documenting and understanding the flow mechanism in a better manner. The objective is to study computationally the effect of blade cutback on the flow diffusion in detail along with the performance characteristics of a centrifugal compressor. The impellers, one with blade cutback by 5% with respect to its vane length by which it introduces a rotating vaneless diffuser in between and another a conventional impeller, both with stationary vaneless diffuser are analyzed with all the other dimensions of the geometrical details remaining the same.
Computational Methodology
A low specific speed centrifugal compressor is selected for the present investigation and the geometric details are given in Table 1 . The geometric modelling and grid generation of the computational domain is done by ANSYS ICEMCFD 13.0. Unstructured tetrahedral elements with flat prism shaped cells in the near wall zones are used to obtain a finer resolution in the boundary layer region. The total number of elements including tetrahedral and prism, comes around 899831 and 790298 for the computational domain involving SVD and BCB 05 configuration respectively. Numerical investigations are carried out using commercial CFD code, namely ANSYS CFX 13.0. The boundary conditions specified for the computational domain are shown in Fig. 1 . The whole computational domain is mentioned as rotating frame of reference. The total pressure in stationary frame is given as boundary condition at the inlet. At outlet, mass flow rate is mentioned by considering the number of impeller blades in the computational domain. The blade, hub and shroud are given wall boundary conditions, rotating with angular velocity equal to that of the domain. The side walls of computational domain are specified as rotational periodic boundaries. Suitable interfaces are created between rotating domain (impeller) and the stationary domain (stationary vaneless diffuser). The stationary domain is specified as counter rotating type. No-slip conditions are enforced on the walls. Wall roughness is neglected by assuming it as a smooth wall. The convergence criteria of RMS residuals for all the governing equations are resolved to 1 x 10 -4 . The turbulence was modelled using k-ω model. The results from the CFD study are validated with the available experimental results [2] . 
Results and Discussion
The flow through the diffuser configurations (BCB 05 and SVD) are analyzed for four different flow coefficients. These are design flow coefficient,  = 0.27 and three at above design flow coefficients namely,  = 0.30,  = 0.34 and  = 0.37. The results for the efficiency, energy coefficient, static pressure recovery coefficient, stagnation pressure loss coefficient and static pressure as well as stagnation pressure are presented here.
The performance characteristics of the centrifugal compressor with SVD and BCB 05 configurations for efficiency and energy coefficient against flow coefficient at the design speed of 1500 rpm are shown in Fig. 2 (a) and (b) respectively. Flow coefficient, Ф, is proportional to the volume flow rate through the centrifugal compressor. It is seen from the Fig. 2 (a) that matching peak efficiency is achieved at design flow coefficient for BCB 05 as well as SVD and slightly lesser efficiencies for BCB 05 at off-design flow coefficients. The efficiency decreases with increase in flow coefficients for all the configurations. Energy coefficient, ψ, gives an idea about the energy acquired by the fluid as it passes through the centrifugal compressor stage. The stable operating range of the compressor is determined by its peak value of energy coefficient and the choking limit. Energy coefficient, which is a measure of the pressure rise in the centrifugal compressor, at the design point was more in the case of SVD compared to BCB 05. The energy coefficient for SVD is higher than BCB 05 by around 25% over the entire flow range.
The static pressure recovery coefficient against flow coefficient is shown in Fig. 3 (a) . The static pressure recovery increases with flow rates for SVD as well as BCB 05 configurations. As the energy coefficient (ψ) as well as static pressure (C p ) for SVD configuration is higher than BCB 05, the static pressure recovery (ψ p ) is also higher for SVD. This shows that the diffusion rate is better in SVD compared to BCB 05. The stagnation pressure loss coefficient (ψ loss ) against flow coefficient is shown in Fig. 3 (b) . The increase in stagnation pressure loss coefficient indicates the amount of losses (mixing and friction) occurred in the flow passage. The stagnation pressure loss coefficient for BCB 05 gradually decreases for increase in flow coefficient whereas for SVD, there is an only minor loss in the entire flow range. The losses in BCB 05 configuration are higher than the SVD due to the disturbances in the velocities caused by the changes in blade tip geometry and velocity triangles by trimming the blades alone to form a rotating vaneless diffuser involving blade cutback concept, which has reflected with an increase in stagnation pressure loss coefficient by around 40% at design flow coefficient. The non-dimensionalized tangential velocity distribution across the width from impeller exit to the diffuser exit at various radius ratios with various flow coefficients is presented in Fig. 4 (a) and (b) for SVD and BCB 05. The variation of tangential velocity is similar to absolute velocity distribution. The reduction of the tangential velocity component from exit of the impeller to the diffuser exit results in static pressure rise along the radius ratio. There is also a reduction in tangential velocity with increase in radius ratio at all flow coefficients. The tangential velocities of SVD for all the flow coefficients are higher than BCB 05. The amount of decrease in tangential velocity depends upon the effectiveness of the diffusion process. The tangential velocity is smaller in magnitude near the hub and larger towards the shroud, thereby contributing to smaller discharge angle as well as higher angle of incidence at the diffuser inlet.
The stagnation pressure distribution measured across the width from impeller exit to the diffuser exit at various radius ratios is presented in a non-dimensional form as stagnation pressure coefficient, C po, in Fig. 5 (a) and (b) for various flow coefficients. Stagnation pressure decreases with increase in the flow coefficient. The stagnation pressure decreases as the radius ratios increases for all the flow coefficients. The decrease in stagnation pressure indicates the amount of losses that occur in the flow passage. At design flow coefficient, Ф = 0.27, the total pressure drop is more for BCB 05 when compared with SVD. This is due to the higher losses occurring in the passage by the alteration in blade tip geometry. Similar trends are seen for Ф = 0.30, 0.34 and 0.37 respectively. The static pressure distribution across the width from impeller exit to the diffuser exit at various radius ratios is presented in a non-dimensional form as static pressure coefficient, C p , in Fig. 6 (a) and (b) for various flow coefficients. The static pressure increases with radius ratio due to diffusion of flow. The magnitude of static pressure at any section increases as the flow coefficient is reduced, similarly to the stagnation pressure distribution. The static pressure distribution across the width is fairly uniform at the exit of the impeller as well as in other locations. The SVD offers higher static pressure rise than BCB 05, which is also reflected with higher static pressure recovery at the exit of the diffuser. This reduction in static pressure rise for BCB 05 may be due to the alteration in blade tip geometry made by blade cutback, i.e., trimming the blade by 5% of vane length, which have a profound effect on the velocities of the through flow is observed clearly at radius ratios R = 1.052 and above, with slight fall in static pressure rise. Therefore, it is clear that the rate of diffusion is higher in SVD and blade cutback had an impact on the diffusion process of BCB 05 configuration.
Conclusions
The performance characteristics of SVD and BCB 05 in terms of efficiency, energy coefficient, stagnation pressure loss coefficient, static pressure recovery coefficient as well as static pressure rise are analysed. The detailed comparative analysis of flow mechanism helps in documenting and understanding better, the flow pattern involving forced rotating vaneless diffuser (impeller with blade cutback). The matching peak efficiency is achieved at design flow coefficient for BCB 05 as well as SVD and slightly lesser efficiencies at off-design flow coefficients for BCB 05configuration. The performance characteristics of BCB 05 are lesser in terms of energy coefficient, specific work, as well as static pressure rise. The losses in BCB 05 are higher than the SVD, which is reflected with higher stagnation pressure loss coefficient. This is due to the modifications made in the blade tip geometry involving the concept of blade cutback by trimming the blades by 5% of its vane length, which resulted in changes in the blade angle at exit resulting with a greater effect on the velocities of the through flow within the centrifugal compressor stage. The velocity pattern at exit certainly showed an improvement with rotating vaneless diffuser passages. Therefore, the blade cutback concept is not appropriate to attain the improved efficiency with static pressure rise along with better flow profile at the exit in a low specific speed centrifugal compressor.
